Work in Department of Energy (DOE) facilities has exposed workers to multiple toxic agents leading to acute and chronic diseases. Many exposures were common to numerous work sites. Exposure to crystalline silica was primarily restricted to a few facilities. I present the case of a 63-year-old male who worked in DOE facilities for 30 years as a weapons testing technician. In addition to silica, other workplace exposures included beryllium, various solvents and heavy metals, depleted uranium, and ionizing radiation. In 1989 a painful macular skin lesion was biopsied and diagnosed as leukocytoclastic vasculitis. By 1992 he developed gross hematuria and dyspnea. Blood laboratory results revealed a serum creatinine concentration of 2.1 mg/dL, ethrythrocyte sedimentation rate of 61 mm/hr, negative cANCA (antineutrophil cytoplasmic antibody cytoplasmic pattern), positive pANCA (ANCA perinuclear pattern), and antiglomerular basement membrane negative. Renal biopsy showed proliferative (crescentric) and necrotizing glomerulonephritis. The patient's diagnoses included microscopic polyangiitis, systemic necrotizing vasculitis, leukocytoclastic vasculitis, and glomerulonephritis. Environmental triggers are thought to play a role in the development of an idiopathic expression of systemic autoimmune disease. Crystalline silica exposure has been linked to rheumatoid arthritis, scleroderma, systemic lupus erythematosus, rapidly progressive glomerulonephritis and some of the small vessel vasculitides. DOE workers are currently able to apply for compensation under the federal Energy Employees Occupational Illness Compensation Program (EEOICP). However, the only diseases covered by EEOICP are cancers related to radiation exposure, chronic beryllium disease, and chronic silicosis.
male expressed concern that his diagnoses of microscopic polyangiitis, systemic necrotizing vasculitis, leukocytoclastic vasculitis, pulmonary interstitial fibrosis, and glomerulonephritis were related to silica exposure. He had applied for compensation under the federal Energy Employees Occupational Illness Compensation Program (EEOICP). He was referred to the University of New Mexico's Program in Occupational and Environmental Health.
Before 1988 the patient's medical history included a) irritable bowel syndrome and hypoglycemia; b) seasonal allergies with chronic polyposis and deviated nasal septum with moderate to severe obstruction; c) eustachian tube rupture with corrective septoplasty and bilateral turbinoplasties; d) pneumonia and pleural effusions; and e) hypertension.
In 1988 the patient developed migratory joint pain that progressed in severity, and by 1989 he had difficulty walking. Short course prednisone treatment provided relief. In 1989, a painful macular erythematous lesion developed on the patient's chest; a skin biopsy diagnosed leukocytoclastic vasculitis. In spring 1992, he was referred to the Mayo Clinic (Scottsdale, AZ) for pulmonary and renal workup for gross hematuria and dyspnea. Results of laboratory tests are presented in Table 1 . Renal biopsy showed proliferative (crescentric) and necrotizing glomerulonephritis; treatment with prednisone and cyclophosamide placed patient in prompt remission (Table 1) . In late 1992 the patient developed acute shortness of breath, and spirometry, lung scan, and bronchoscopy with biopsy diagnosed pulmonary embolism in the right infrahilar region; this was treated with anticoagulants. In 1999 he had a subdural hematoma, which was treated by craniotomy and evacuation. Laboratory tests, renal biopsies, and clinical evaluations by rheumatologists at the Mayo Clinic, the University of New Mexico, and in San Francisco, California, confirmed the diagnoses of microscopic polyangiitis, systemic necrotizing vasculitis, leukocytoclastic vasculitis, and glomerulonephritis with positive antineutrophil cytoplasmic antibodies (ANCA) perinuclear pattern (pANCA) and negative cytoplasmic pattern (cANCA).
In 1999, the patient's joint pain became severe again, and he was placed on prednisone and methotrexate until remission. His kidney function remained stable until 2002 (Table 1) when he was again placed on prednisone and cyclophosphamide.
Spirometry of the patient in 1992 showed a reduction in lung function (mixed obstructive/restrictive pattern with moderate obstruction; Table1). A high resolution computerized tomography (CT) scan of the chest in 2001 showed fine linear markings at the bases extending to the pleural surface, with thickened interlobular septa.
In 2000, the Former LANL Worker Program screened the patient for health effects related to beryllium, lead, radiation, and noise exposure. Test results indicated no lung disease related to beryllium exposure and negative beryllium sensitivity, renal insufficiency (chronic renal failure) not related to lead exposure but as a result of vasculitis, and sensorineural hearing loss related to noise exposure.
The patient had no family history of vasculitides or rheumatologic disorders. He had smoked cigarettes (36 pack-year history) but quit smoking in 1979.
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From 1953 to 1959, the patient worked as a sonar operator and electronics technician in the Navy on a destroyer and a submarine. He worked in areas with asbestos-covered pipes but no friable asbestos. From 1959 to 1961, he worked as a junior engineer at NASA, where his work involved testing reentry vehicles in a wind tunnel. The tunnel walls were finished, so he had no dust exposure.
In his job as a weapons testing technician and apparatus operator at the University of California, Lawrence Livermore National Laboratory (LLNL; Livermore, CA) from 1961 to 1966, the patient gathered data and cleaned areas after weapons explosions. He was in an underground bunker about 100 ft from testing sites during explosions. Testing was done every other day for 5 years. The patient was provided protective clothing, gloves, and a respirator. He was unable to wear the respirator consistently because he took the respirator off to talk; therefore, the patient received a significant amount of respirable dust exposure contaminated with beryllium and depleted uranium.
From 1966 to 1971, the patient worked as an assistant analyst for a Los Alamos National Laboratory (LANL) contractor; he worked in an office doing mostly computer work and received no significant exposures. He worked as a technician for LANL from 1971 until he retired in 1991. His work involved field data collections after explosions. Exposures at the test sites included dust, noise, depleted uranium, and ionizing radiation. The patient did not work directly with lead or beryllium, but he may have been exposed to small amounts of these elements during detonation of test shots. He worked in buildings with asbestoscovered pipes but reported no direct work with asbestos or exposure to asbestos dust. He was not enrolled in a lead or asbestos monitoring program. Exposure to solvents (i.e., acetone, carbon tetrachloride, methylethyl ketone), epoxies, and nitric acid fumes were intermittent and brief during those years, and he reported no acute symptoms while working with chemicals.
From 1983 to 1984 the patient was assigned by LANL to work in oil shale mines in Colorado. The mining operation was an in situ perfusion operation to extract oil. His underground job was to test and measure explosions, instrumentation, and the structure of the mines. During this period he drilled holes, installed gauges, set charges, and gathered information about the tests. He worked in dusty conditions; he was given a dust mask but wore it only periodically.
From 1987 to 1991 the patient was assigned by LANL to work at the Nevada Test Site (NTS) underground (Figure 1 was constant drilling and high levels of dust for ≥ 8 hr/day for 4 months. Respiratory protection consisted of a dust mask, which he often had to take off to talk. Until retirement, the patient worked underground in Area 3, a shaft tunnel, 0.25 mile below the surface; in this job-setting up instruments to measure data during explosions-he received moderate dust exposure.
Discussion
The vasculitides are a group of diseases characterized by inflammatory cell infiltration and necrosis of blood vessel walls (Watts and Scott 1997) . The classification (Langford 2003; Mansi et al. 2002) and description of the vasculitides are presented in Table 2 . The epidemiologic study of systemic vasculitides has been difficult because they are all rare conditions. The annual incidence of systemic vasculitides in the United Kingdom has been estimated to be 36.6/million (with the exclusion of giant cell arteritis and cutaneous vasculitis) (Watts and Scott 1997) . Specific vasculitides are more rare than the systemic vasculitides. In a study conducted in the United Kingdom from 1988 to 1994, the incidence of microscopic polyangiitis was 3.6/million (Watts and Scott 1997) . There is some indication that there are geographical and ethnic differences in the occurrence of vasculitides. Wegener's granulomatosis and giant cell arteritis are extremely rare in India and Japan, but Takayasu arteritis is common. The opposite seems to be true in northern Europe. Wegener's granulomatosis is common and polyarteritis nodosa is rare in northern Europe, but in southern Europe Wegener's granulomatosis is rare and polyarteritis nodosa is common. Vasculitides can be caused by an infection of the blood vessel wall (bacterial or viral) or an immune response. Of interest are the vasculitides associated with autoimmune diseases such as lupus, rheumatoid arthritis, scleroderma, and Wegener's granulomatosis. There are studies that explain the influence of multiple complex genetic factors on the development of autoimmunity and specific autoimmune diseases (Theofilopoulos and Kono 1998) . Environmental triggers are thought to play a role in the development of an idiopathic expression of systemic autoimmune diseases (Mayes 1999; Powell et al. 1999) . Exogenous sex hormones (specifically estrogen), pharmaceutical agents (i.e. penicillamine, procainamide, bleomycin) silica, organic solvents (i.e., vinyl chloride, trichloroethylene, epoxy resins), herbicides, pesticides, mercury, mercuric chloride, iodine, aromatic amines, and hydrazine have been linked to the development of systemic autoimmune diseases (D'Cruz 2000; Gonzalez-Gay and Garcia-Porrua 2001; Mayes 1999; Powell et al. 1999; Smith and Germolec 1999) . Specifically, estrogen has been linked with the risk of developing systemic lupus, scleroderma, and Raynaud disease (Mayes 1999) ; solvents linked with systemic sclerosis and scleroderma (Mayes 1999) ; mercuric chloride linked with immune complex glomerulonephritis (Mayes 1999; Powell et al. 1999) ; and crystalline silica linked with rheumatoid arthritis, systemic sclerosis, systemic lupus, glomerulonephritis, and small-vessel vasculitides (Koeger et al. 1995; Mayes 1999; Parks et al. 1999; Powell et al. 1999; Steenland and Goldsmith 1995) .
Small vessel vasculitides have a common pathology of focal necrotizing lesions in the lungs causing alveolar hemorrhage, in the glomeruli of the kidney causing renal failure, and in the dermis causing a purpuric rash or ulcerations on the skin (Kamesh et al. 2002) . The most common primary small-vessel vasculitis that occurs in adults is associated with ANCA (Mansi et al. 2002) . ANCA are specific antibodies for antigens in cytoplasmic granules of neutrophils and monocyte lysosomes, have their direct effects against proteinase 3 or myeloperoxidase, and can be detected with direct immunofluorescence microscopically (Booth et al. 2003; Mansi et al. 2002) . ANCA directed against proteinase 3 has a cytoplasmic immunofluorescence pattern and is noted as cANCA. ANCA directed against myeloperoxidase has a perinuclear immunofluorescence pattern and is termed pANCA (Langford 2003) . cANCA is positive in 75-90% of Wegener granulomatosis cases, and pANCA positivity is most commonly seen in microscopic polyangiitis (Mansi et al. 2002) . Fever, myalgia, anorexia, weight loss, malaise, and night sweats are common early symptoms of vasculitis. Microscopic polyangiitis usually has renal involvement, and patients present with hematuria, proteinuria, and red cell casts and can have rapid renal failure. Pulmonary hemorrhage can occur in microscopic polyangiitis, but unlike Wegener granulomatosis, upper airway involvement is rare. Untreated ANCApositive vasculitis has a very poor prognosis with up to 90% mortality in 2 years (Kamesh et al. 2002) . Current standard treatment is based on cyclophosamide and high-dose corticosteroids (Mansi et al. 2002) . The goal of therapy is to induce remission, maintain remission, and treat relapses. Treatment-related complications including steroid-induced diabetes, bladder and lymphoproliferative malignancy, and infertility can occur in more than 50% of treated patients (Kamesh et al. 2002) . Alternate treatment includes methotrexate, azathioprine, trimethoprim-sulfamethoxazole, plasma exchange, cyclosporine, intravenous immunoglobulin, and monoclonal antibodies (Kamesh et al. 2002; Mansi et al. 2002) . Silica (silicon dioxide), one of the occupational and environmental exposures linked to autoimmune diseases, is formed from the two most abundant elements in the earth's crust, oxygen and silicon (U. The quartz form is an abundant component of soil and rock; the term is often used to refer to crystalline silica. It is when the crystalline silica-containing rock and sand is used or processed (i.e., mining, quarrying, drilling, sand blasting, tunneling operations) that workers can be exposed to airborne dust levels of respirable crystalline silica that can cause respiratory diseases. Occupational exposure to respirable crystalline silica is associated with a number of respiratory diseases, including silicosis (acute, accelerated, and chronic), progressive pulmonary fibrosis, chronic obstructive pulmonary disease (e.g., chronic bronchitis, emphysema), and lung cancer, and places workers with silicosis at higher risk for tuberculosis (American Thoracic Society Committee of the Scientific Assembly on Environmental and Occupational Health 1997; NIOSH 2002).
The patient worked from 1983 to 1984 in the two oil shale mines (Exxon and Union) in existence in the 1980s in Garfield County, Colorado. The geologic underground rock formation in the area is oil shale and marlstone. The dominant matrix minerals in oil shale and marlstone include silicates. The above-ground rock formation is sandstone and also contains high silica content (Chenoweth W. Personal communication). Pepper et al. (1998) studied former workers of the NTS and tried to quantify silica exposure rates. In the Phase 1 report of exposures from the NTS, Pepper et al. (1998) noted that the underground environment and the work of drilling, blasting, and mucking provided an essentially uniform dust exposure to all workers (Figure 2 ). The tunnels are geologically made of soft volcanic tuff. As reported by Pepper et al. (1998) , a 1959-1971 U.S. Geologic Survey measured core samples and found a 70% silica concentration weighted average in 1959, and 10-40% cristobalite/crystalline silica concentration weighted average in 1971. The use of silica-containing grout compound also added to the respirable silica contamination of the ambient air (Pepper et al. 1998 ) at the NTS. The silica-containing grout was used in the areas around the line-of-sight and the bypass drift and along the tunnels to permit the containment of explosions, moderate potential geological stress, and plug any fractures that may have been formed after an explosion. Pepper et al. (1998) Industrial hygiene records available from the NTS show that exposures were probably above levels mandated by OSHA (Pepper L. Personal communication) .
Respiratory complications from crystalline silica exposures have been known for centuries, but the link of silica exposure and autoimmune disease has been more recent. In the 1950s, Caplan (1953) first described unusual radiologic changes in the lungs of Welsh coal miners who had pneumoconiosis. In a subsequent study of these miners, Miall et al. (1953) found that the rheumatoid lesions in the lung were predictive for rheumatoid arthritis (subsequently called Caplan's syndrome). Since that time many studies have examined the link between crystalline silica exposure and development of autoimmune diseases (Parks et al. 1999) . Among the systemic autoimmune diseases, occupational exposure to crystalline silica exposure has been linked to rheumatoid arthritis, scleroderma, systemic lupus erythematosus, and some of the small vessel vasculitides (Koeger et al. 1995; Parks et al. 1999) .
Crystalline silica particles are ingested by alveolar macrophages and result in inflammation and activation of fibroblasts (Parks et al. 1999) . The digested crystalline silica destroys the macrophages, and the crystalline silica is again digested by new macrophages. This repeated process leads to chronic immune activity and fibrosis. Studies have shown that crystalline silica can be mobilized from the lungs to other organs, including lymph nodes, spleen, and kidney (Parks et al. 1999) . Silicosis and mineral dust pneumoconiosis have been linked to an increase in autoantibodies, immune complexes, and excess production of immunoglobulins, even in the absence of a specific autoimmune disease (Jones et al. 1976; Lippmann et al. 1973 ). Many of the cases of autoimmune disease were first discovered during screening of silica-exposed workers or workers who were being treated for silicosis. It was not clear in these cases whether the silicosis was a pathologic process that may predispose some individuals to develop autoimmune disease or whether the opposite was true, that the autoimmune disease may predispose some individuals to develop silicosis in the lung (Parks et al. 1999) .
The mechanism of crystalline silica in the development of autoimmune diseases may be a result of the adjuvant effect on antibody production (Parks et al. 1999) . (An adjuvant is a substance that enhances an immune response to an antigen.) The development of silicosis is dose dependent, but no studies have determined a dose-response or threshold effect of crystalline silica as an adjuvant. Genetic differences and susceptibility to autoimmune diseases may vary the characteristics and extent of the inflammation caused by silica exposure. Crystalline silica can also cause cell death by necrosis and apoptosis (an active process involving gene regulation) (Nowack et al. 1998; Otsuki et al. 1998) . Apoptosis is enhanced by silica and at levels where an acute toxicity is not detected. The sFas ligand, a type II membrane protein that induces apoptosis, is elevated in silicosis patients (Tomokuni et al. 1999) . The elevation of sFas levels have been reported in silicosis patients who have slight shortness of breath, normal partial pressure of carbon dioxide (Tomokuni et al. 1999) , or normal partial pressure of oxygen (Tomokuni et al. 1997) and have been classified with slight respiratory disorders. Tomokuni et al. (1997) speculated that the severity of respiratory involvement may not occur to the same degree as the abnormalities and elevation of apoptosisrelated molecules in silicosis patients. Tomokuni et al. (1999) found no significant correlation of duration of exposure to crystalline silica dust and the serum levels of sFas. Host susceptibility may explain why all workers exposed to silica do not develop autoimmune disorders (Gregorini et al. 1997) .
There is experimental and clinical evidence that crystalline silica affects the immune response. Gregorini et al. (1997) reported the presence of increased rheumatoid factors and antinuclear antibodies in 26-44% of patients with silicosis. The most frequently reported autoimmune diseases among crystalline-silica exposed workers are scleroderma, rheumatoid arthritis, systemic lupus erythematosus, autoimmune hemolytic anemia, and dermatomyositis or dermatopolymyositis (NIOSH 2002; Steenland and Goldsmith 1995; Tervaert et al. 1998) . A statistically significant association between crystalline silica exposure and several renal diseases has been reported in epidemiologic studies (NIOSH 2002 ). Steenland et al. (2001 reported an increasing standardized rate ratio for acute and chronic renal disease with increasing cumulative crystalline silica exposure and an excess of end-stage renal disease incidence (highest for glomerulonephritis). The reported cases of glomerulonephritis in patients with crystalline silica exposure show rapid progression and are associated with positive antineutrophil cytoplasmic antibodies (ANCA) with or without systemic vasculitis, such as Wegener granulomatosis or microscopic polyangiitis (Gregorini et al. 1993 (Gregorini et al. , 1997 . pANCA is strongly associated with microscopic polyangiitis and rapidly progressive glomerulonephritis (RPGN) (Danning et al. 1998) . In a recent study (Gregorini et al. 1997) , crystalline silica-exposed patients with positive ANCA showed mainly a pANCA pattern. Not all silica-exposed patients with pANCA-positive RPGN reported by Gregorini et al. (1993) had pulmonary silicosis. Gregorini et al. (1997) reported immune abnormalities in patients with silicosis and in silica-exposed patients with no evidence of lung disease.
The intensity of exposure to silica dust may be more important than cumulative exposure or duration in the development of autoimmune diseases (Martin et al. 1999; Sluis-Cremer et al. 1986 , 1985 . In a study of silica-exposed gold miners, Calvert et al. (1997) investigated end-stage renal disease (ESRD) and exposures. They suggested that crystalline silica exposure was most strongly associated with ESRD (especially ESRD caused by glomerulonephritis) and that the median exposure of the cohort was below the OSHA permissible exposures levels (indicating a lower level of exposure needed to start the disease process).
Effects of silica are thought to be either immune-complex mediated or a result of direct toxic effects of the silica on the glomeruli. Long latency periods (15-25 years) have been reported between first silica exposure and the development of autoimmune diseases. However, in a 1987 study of granite workers, Klockars et al. (1987) documented individuals who developed autoimmune disease in a shorter period of time. The authors published results of a followup of 35 workers exposed to silica who had developed rheumatoid arthritis. Of the workers, 13 had ≤ 5 years of exposure before the onset of rheumatoid arthritis. For 7 of the workers, latency ranged from 1 to 12 years. This study was also interesting in that 20 of the 35 miners had normal chest X rays at the time of the onset of rheumatoid arthritis.
The issue of latency was also addressed by Parks et al. (2002) , who evaluated occupational exposure to silica and the risk of systemic lupus erythematosus (SLE) . In this population-based, case-control study, the authors observed an association between silica and SLE, with medium or high-level silica exposures found in individuals working in farming or trades. The analysis revealed no predominant time window of exposure that accounted for the association observed between silica and SLE.
Irregular opacities in the bases of the lungs, with pleural thickening, that were detected by the case patient's chest CT scan are consistent with asbestos-related lung disease (Churg 1998; Rom 1998) , silicosis and mixeddust pneumoconiosis (Honma and Chiyotani 1993; Shida et al. 1996) , idiopathic pulmonary fibrosis, and smoking tobacco (Dick et al. 1992) . Although silicosis is classically described as rounded opacities in the upper lobes, some studies and reviews of the literature describe a less classical finding of irregular opacities in the lower lobes (Dick et al. 1992; Gibbs and Wagner 1998) . Honma and Chiyotani (1993) described diffuse interstitial fibrosis (DIF) among workers with a variety of occupations (rock driller, stone mason, metal miner, tunneler, construction worker). The cases were diagnosed pathologically as silicosis (142 cases) or mixed dust pneumoconiosis (91 cases); the diffuse interstitial fibrosis was predominantly in the lower lobes and thickening and adhesion of the pleura covering the DIF was seen in 40.6% of the cases. Two cases were associated with collagen disease, one case was associated with systemic sclerosis, and one was associated with rheumatoid arthritis. In addition, no significant correlation was found between the occurrence of DIF and smoking history (Honma and Chiyotani 1993 the literature that systemic vasculitides may develop independently of silicosis in patients with crystalline silica exposure. Epidemiologic studies link solvent exposure to an increased risk of systemic sclerosis but not systemic pANCA-positive vasculitis. The patient's exposure to solvents has not contributed to the development of his systemic vasculitis. In addition, the patient's other workplace exposures-beryllium, asbestos, lead, and ionizing radiation-are not known causes of systemic vasculitis. On the chest CT scan, the patient did not have the more common abnormality of rounded opacities in the upper lobes, but instead had a linear pattern of interstitial lung fibrosis with pleural thickening. This pattern of pulmonary fibrosis has a larger number of potential causes and risk factors. The literature supports the possibility that his chest CT scan findings of lower lobe interstitial fibrosis may be attributed to the silica exposure.
DOE workers are currently able to apply for compensation under the federal EEOICP. The only diseases covered by EEOICP are cancers related to radiation exposure, chronic beryllium disease, and chronic silicosis. All other diseases are to be covered under state Workers' Compensation systems. The differences in each state's workers' compensation law and the resistance of employers have made compensation difficult to obtain for many workers with serious diseases. Currently, many workers must rely on private insurance, Medicare, or public or charity health plans to cover their medical expenses. Federal legislation should be developed to cover all diseases related to workplace exposures in DOE workers.
